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Renal hemodynamics and glomerular morphology in
repetitively pregnant aging rats
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Renal hemodynamics and glomerular morphology in repetitively preg-
nant aging rats. Measurements were made of renal and glomerular
hemodynamics and glomerular morphology in repetitively pregnant and
age-matched virgin female Munich-Wistar rats. Repetitive pregnancies
and lactation provide a stimulus to chronic increases in glomerular
filtration rate (GFR) and these rats were studied, by micropuncture,
- 4 to 6 weeks after the end of the fifth gestation/lactation cycle. No
differences were seen in GFR or renal plasma flow (RPF) rate nor in any
of the determinants of single nephron filtration rate (SNGFR) in
repetitively pregnant compared to virgin rats, although SNGFR itself
was slightly but significantly elevated in repetitively pregnant rats.
There was no evidence of systemic hypertension, proteinuria, or
abnormal glomerular morphology in either group despite their advanced
age (- 42 to 46 weeks). Thus, the moderate chronic increase in GFR
due to the stimulus of repetitive pregnancy and lactation does not lead
to eventual deterioration in renal function or structural abnormalities.
Hemodynamique rénale et morphologie glomérulaire chez des rattes
âgées en gestations répétées. Des mesures de l'hémodynamique rénale et
glomérulaire et de Ia morphologic glomérulaire ont été effectuées chez
des rattes Munich-Wistar avec gestations répétdes et chez des rattes
vierges d'âge apparie. Les gestations et lactation répdtées constituent
un stimulus d'Clévations chroniques de GFR et ces rattes ont étë
étudiées par microponction — 4 a 6 semaines apres Ia fin du cinquième
cycle de gestation/lactation. II n'a pas été vu de differences de GFR ou
de debit plasmatique renal (RPF), ni d'aucun des determinants de
SNGFR chez les rattes vierges, bien que SNGFR elle-méme soit
legerement mais significativement elevee chez les rattes gestantes de
facon rCpétée. 11 n'y avait pas d'hypertension systémique, de
protéinurie, ou de morphologic glomérlilaire anormale dans aucun
groupe malgré leur age avancé (— 42 to 46 semaines). Ainsi, l'augmen-
tation chronique modérée de GFR dñe au stimulus des gestations et
lactations repétees ne conduit pas a une détérioration de Ia fonction
rénale ni a des anomalies structurelles éventuelles.
Normal pregnancy in the woman is a physiologic condition
characterized by chronic elevations in glomerular filtration rate
(GFR) (— +30% above the non-pregnant value) without loss of
nephron number or any underlying disease process [1—3]. There
is no evidence to suggest that one gestation/lactation cycle leads
to any irreversible deterioration in renal function in healthy
women with normal kidneys, although it has been suggested
that the superimposition of pregnancy on almost any type of
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significant underlying renal pathology leads to a further deteri-
oration in renal function [4]. There has been no rigorous
evaluation of the effects of frequent, closely spaced pregnancies
in multiparous women with initially normal renal function, but
it is possible that the chronic and almost continuous increase in
GFR that would result from repetitive pregnancies might pro-
vide a stimulus to renal functional deterioration. In this regard,
it has been shown, in the rat, that the chronically elevated single
nephron (SN) GFR seen either in uncontrolled diabetes or
following extensive renal ablation, is associated with eventual
deterioration in renal function and in the development of
structural abnormalities [5—81.
The rat provides an excellent model in which to study the
long-term effects of repetitive pregnancy on renal function since
the gestation period is short (22 days) and the rat post partum
mates within 4 to 6 days of delivery, even while lactating. Also,
the systemic and renal hemodynamic changes that occur during
gestation and lactation in the rat exhibit many similarities to the
normal human pregnancy, with increases in GFR being evident
throughout most of the rodent gestation and lactation period
[1—3, 9—15]. Therefore, the present study was designed to
investigate the effects on renal hemodynamic function and
morphology of five closely spaced gestation/lactation cycles in
the Munich-Wistar rat.
Methods
Micropuncture studies were performed on 16 adult female
Munich-Wistar rats from Simonsen Laboratories (Gilroy, Cali-
fornia, USA), aged between 42 to 48 weeks at the time of study.
These rats were separated into two groups of eight; one group
consisted of rats that at the age of 8 weeks had been placed
together with a male rat as a breeding pair. The female rats
produced five consecutive litters at approximately 4- to 5-week
intervals (gestation in the rat lasts 22 days), and they were
allowed also to lactate, with the pups being weaned at 21 days.
All rats produced five live litters; however, in one rat the
second litter died soon after parturition and in another rat, the
third litter died, Average litter sizes (litters 1 through 5)were 7
1, 11 1, 9 1, 9 1, and 7 I pups/litter, N = 8 for litters
1, 4, and 5, and N = 7 for litters 2 and 3. The female breeders
were studied, in an acute micropuncture experiment, at 4 to 6
weeks after weaning of the final (fifth) litter, that is, 7 to 9 weeks
after delivery of the fifth litter. The second group consisted of
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Table 1. Summary of some of the whole kidney and single nephron determinants of glomerular ultrafiltration in repetitively bred and virgin
female Munich-Wistar rats
RA REGFR RPF BP SNGFR QA TA E K
dynes s
mi/mm FF mm Hg ni/mm SNFF mm Hg nl/(s mm Hg) cm5 X 1010
Repetitively X 1.1 3.9 0.30 105 38 144 0.28 37 17 29 0.05 1.8 1.3
bred rats SE 0.1 0.3 0.01 2 2 30 0.02 3 1 1 0.01 0.1 0.1
N 8 7 7 8 8 5 5 8 8 5 5 5 5
Virgin rats 1.0 3.3 0.31 97 33 118 0.28 34 17 27 0.05 1.8 1.5
SE 0.1 0.2 0.01 2 1 21 0.01 1 1 1 0.01 0.1 0.1
N 8 7 8 8 8 5 5 7 8 1 5 5 5
P value NS NS NS <0.001 <0.05 NS NS NS NS NS NS NS NS
Abbreviations: GFR, glomerular filtration rate; RPF, renal plasma flow; FF, whole kidney filtration fraction; BP, blood pressure; SNGFR, single
nephron glomerular filtration rate; QA, glomerular plasma flow rate; SNFF, single nephron filtration fraction; P, mean transglomerular hydraulic
pressure gradient; irA, afferent arteriolar oncotic pressure; irE, efferent arteriolar oncotic pressure; Kf, glomerular ultrafiltration coefficient; RA,
afferent arteriolar resistance; RE, efferent arteriolar resistance.
virgin littermates to the repetitively bred rats, and rats from the
two groups were paired and studied together, usually within 1
day of each other. Approximately 1 week before the micropunc-
ture study, rats were placed in individual metabolic cages and
24-hr urine collections were made for measurement of urine
flow rate, protein and sodium excretion. Throughout their lives,
rats were maintained on a standard rat food diet (— 20% protein
and 0.48% Na content) and were allowed free access to water.
On the day of the micropuncture experiment, rats were
anesthetized by an i.p. injection of mactin in a dose of 100
mg/kg body wt. Immediately after induction of anesthesia, rats
were placed on a temperature-regulated micropuncture table,
and temperature was controlled at 36 to 38°C throughout the
experiment. The left femoral artery was catheterized, within 5
to 10 mm after induction of anesthesia, and a SOpJ blood sample
was withdrawn for estimation of arterial hematocrit. The arte-
rial catheter was employed subsequently for the periodic sam-
pling of arterial blood and for the otherwise continual measure-
ment of blood pressure (BP). A tracheostomy was performed
and the left femoral vein and one jugular vein were catheter-
ized, and infusions of normal rat plasma (initially at the rate of
10 mI/kg/hr for the first 45 mm and thereafter at 1.5 mllkg/hr)
and 7 g/dl inulin in 0.9% NaCI solution were given i.v. This
protocol has been found to be effective in maintaining arterial
hematocrit and plasma volume during preparatory surgery and
throughout the period of the experiment at the pre-anesthesia
values, that is in the 'euvolemic' condition [16]. The left ureter
was catheterized and the kidney was prepared for micropunc-
ture as described previously [9]. A 23-gauge needle was inserted
into the left renal vein, in the retrograde direction, to allow
periodic sampling of renal venous blood.
The following measurements and collections were made:
three exactly timed 15 to 20-mm urine collections were made
and the volume was measured. Blood samples (80 l) were
taken from the femoral artery at the beinning and end, and a
renal venous blood sample was taken at the midpoint of each
urine collection. Simultaneously, the following micropuncture
measurements were made: two to three exactly timed (1 to 2
mm) samples of fluid were collected from superficial proximal
tubules, and the total volume of collected fluid was measured
from the length of the fluid column in a constant bore capillary
tube of known internal diameter. Efferent glomerular blood
samples were obtained by micropuncture of two to three
superficial efferent arterioles, as described previously [17].
Hydraulic pressures were measured directly in surface glomer-
ular capillaries, efferent arterioles, and proximal tubules by
direct puncture with micropipettes (tip diameter, 2 to 4 )
containing a 1 M NaC1 solution which formed part of a servo-
null micropressure measuring system coupled to a pressure
transducer; the characteristics of this system have been de-
scribed previously [18].
The following analyses and calculations were carried out:
inulin concentration was measured in arterial and venous blood
and urine by the macroanthrone method [191 and in tubule fluid
by a microfluorescence method [201. Total protein concentra-
tion in femoral arterial and efferent arteriolar plasma was
measured using a microfluorometric method employing
o-phthalaldehyde [21]. Total urinary protein concentration was
measured by the sulphosalycylic acid method [22]. Oncotic
pressures (ir), single nephron filtration fraction (SNFF), single
nephron GFR (SNGFR), glomerular plasma flow rate (QA),
glomerular capillary ultrafiltration coefficient (Kf), GFR, RPF,
and whole kidney filtration fraction (FF) were calculated using
equations described previously [9, 23, 24]. Statistical analyses
were performed by unpaired t test and statistical significance is
defined where P < 0.05. All values are expressed as means
SEM. All data given in the text and the table represent the mean
values for eight rats, unless otherwise stated.
At the end of the micropuncture experiment both kidneys
were fixed, by perfusion fixation with 1.25% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4, as described previously [22].
The fixed right kidney was blotted and weighed. A mid-coronal
slice from the left kidney was placed in 10% buffered formalin
for paraffin embedding and evaluation of glomerular morphol-
ogy by light microscopy. Fragments of cortex measuring about
3 x 3 x 1 mm were postfixed in 1% osmium tetroxide,
dehydrated in graded ethanol solutions and embedded in epoxy
resin. One micron thick sections were stained with 1% toluidine
blue in 1% aqueous borax solution and examined by light
microscopy.
In an additional group of nine retired female breeders
(Munich-Wistar rat colony, Dr. R. C. Blantz, Veterans Admin-
istration Medical Center, San Diego, California, USA) mea-
surements of 24-hr urinary protein excretion and kidney and
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body wt were made on the day on which the last litter was
weaned, that is, before withdrawal of the lactational
hyperfiltration stimulus. These rats were - 52 weeks old at the
time of study and had undergone five pregnancies; however,
these rats were mated at the end of each successive
gestation/lactation cycle (that is, they were not postpartum
mated) and, therefore, produced a litter at approximately 50-
day intervals.
Results
No significant differences were seen between Simonsen re-
petitively bred and virgin rats in their 24-hr urine volumes,
sodium or protein excretions (obtained 3 to 5 weeks after
weaning the fifth litter), which averaged 12.8 1.1 vs. 14.3
1.83 m1124 hr, 0.63 0.08 vs. 0.65 0.08 mmoles/24 hr, and 2.8
0.3 vs. 2.3 0.2 mg/24 hr, respectively. As shown in Table
1, values for GFR, RPF, and FF, measured under anesthesia at
the time of micropuncture, were not significantly different
between the repetitively bred and virgin rats, although there
was a tendency for flows to be higher in the repetitively
pregnant compared to the virgin rats. Body wt was also slightly
but not significantly higher in the repetitively bred rats com-
pared to the virgins, averaging 217 S g vs. 208 5 g. Fixed
kidney weights (N = 7 for both groups) were similar, averaging
0.99 0.01 vs. 0.97 0.04 g, values which obviously are
disproportionately high for the animals' body wt [9—111 due to
the fixation procedure. The initial (immediately post induction
of anesthesia) and average (obtained during the experimental
period) values of the arterial hematocrit were all similar,
averaging 45.5 0.6 and 46,3 0.8 vol/dI for initial and average
values in the repetitively bred group and 45.5 0.5 and 45.4
0.7 volIdl in the virgins.
As shown in Table 1, mean BP was slightly but significantly
higher in repetitively bred rats compared to the virgins; never-
theless, mean BP tended to be equal to or slightly lower than the
values routinely observed in younger male or female euvolemic
rats, aged - 10 to 14 weeks at the time of study [9—11, 16, 21,
25, 261. Micropuncture measurements revealed a small but
statistically significant elevation in SNGFR in the repetitively
bred rats compared to the virgins, while glomerular plasma flow
rate (QA) was non-significantly higher (Table 1, Fig. 1). Neither
systemic or efferent arteriolar plasma protein concentrations
(CA and CE) were significantly different between the repetitively
bred compared to the virgin rats, averaging 5.4 0.1 vs. 5.4
0.1 and 7.5 0.2 vs. 7.3 0.2 (N = 5 ) g/dl, respectively.
Accordingly, single nephron filtration fractions (SNFF) were
not significantly different between the two groups, and, within
each group, SNFF and whole kidney FF were also similar
(Table 1).
Hydraulic pressures in the glomerular capillaries (P6c), prox-
imal tubules (PT), and efferent arterioles (PEA) were similar
between the repetitively bred and virgin rats, averaging 50 1
vs. 48± l(N=7),13 lvs. 14± land 15± lvs. 17±1mm
Hg, respectively. The mean transglomerular hydraulic pressure
gradient (zP) (the difference between GC and PT) was therefore
similar between the two groups (Table 1, Fig. 1). Afferent and
efferent arteriolar oncotic pressures (IrA and IrE) were also
similar between the retired breeder and virgin groups, as shown
in Table 1 and Figure 1. All rats in this study were at filtration
Virgin Repetitively
pregnant
Fig. 1. Summary of the determinants of glomerular ultrafiltration in
virgin and repetitively pregnant rats studied 4 to 6 weeks after weaning
the last litter (at least 4 to 6 weeks after withdrawal of the lactational
stimulus to hyperfilter). The upper panel summarizes single nephron
glomerular filtration rate (SNGFR) and glomerular plasma flow rate
(QA). The middle panel summarizes the pressures that determine
glomerular ultrafiltration: the upper curve gives the mean transcapillary
hydraulic pressure differences (P); the middle curve gives the oncotic
pressure of efferent arteriolar plasma exiting from the glomerulus (1T),
and the lower curve gives the oncotic pressure of systemic plasma
arriving at the beginning of the glomerulus (IrA). The lower panel
summarizes the calculated, unique values of the glomerular capillary
ultrafiltration coefficient (K1). Symbols are: •, single nephron glomer-
ular filtration rate; 0, glomerular plasma flow rate; *, significantly
greater (P < 0.05) than virgin value.
pressure disequilibrium (ITE < P, Fig. I.), thus allowing
calculation of an exact value of the glomerular ultrafiltration
coefficient, Kf, given in Table 1 and Figure 1. Kf was similar in
both groups. Afferent and efferent arteriolar resistances (RA and
RE) were also calculated and were similar in both groups, as
shown in Table 1.
Glomerular morphology was evaluated by light microscopy.
No epithelial changes, droplets, or blebs were evident in either
group. Areas of segmental sclerosis or global obsolescence of
glomerular tufts were not observed. Mesangial areas appeared
unremarkable in both groups of animals.
In the Blantz colony retired breeder female rats, 24-hr urinary
protein excretion averaged 3.7 0.8 mg/dl. Mean body wt was
239 7 g and the wet wt of one kidney was 0.84 0.02 g, thus
the weight of one kidney expressed as a percentage of body wt
was 0.35%. Data collated from several studies in young (3- to
4-month-old) virgin Munich-Wistar rats show lower average
body wt (183 g) and kidney wt (0.64 g), but single kidney wet wt,
expressed as a percentage of body wt, was 0.35%, a value
similar to that seen in the retired breeders [9—111.
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Fig. 2. Graph showing the changes in GFR that are believed to occur
during successive gestation/lactation cycles in the female rat. GFR
rises between days 6 and 9 and has reached a maximum of about 30%
above the nonpregnant value by days 9 to 12, remains high beyond day
16, and is returning toward the nonpregnant value by days 19 to 20
[9—11, 12—141. Lactation is associated also with increments in GFR that
are detectable 4 days after the initiation of lactation and are maximum
(— 30%) by day 8; the lactational stimulus to hyperfiltration has abated
by the time of weaning, at day 21 [15]. Thus repetitively pregnant and
lactating rats are expected to show an oscillatory hyperfiltration during
successive gestation/lactation cycles with the maximum increment in
GFR being evident for greater than two-thirds of the total time period.
Symbols are: •, gestation: , lactation.
Discussion
In the rat, pregnancy and lactation provide a stimulus to a
chronically elevated GFR without loss of renal mass or any
underlying disease process [9—151. After withdrawal of these
stimuli, that is, after parturition and about midway during
lactation (lactation usually lasts 21 days, at which time the pups
are weaned) GFR returns towards to normal values 112, 15].
Glomerular micropuncture studies have demonstrated that the
increase in filtration rate, which is maximal by around midterm
(days 9 and 12), is due exclusively to increases in glomerular
plasma flow rate without co-existent glomerular hypertension
[9, 11]. One micropuncture study by Dal Canton et al has
reported an increased glomerular capillary hydraulic pressure
(PGC) at days 15 to 16 of gestation in the hydropenic Munich-
Wistar rat [27]. However, hydropenia represents a relatively
vasoconstricted and volume-depleted state, due to the
unreplaced fluid losses of surgery and anesthesia [16], and it is
likely that use of the hydropenic preparation led to a relatively
greater volume contraction in the 15- to 16-day pregnant rats
than in the virgins, studied by Dal Canton et al, since arterial
hematocrits were similar in both virgin and pregnant rats [27]. A
number of other workers have reported marked plasma volume
expansion, leading to significant falls in arterial hematocrit by
this late stage of pregnancy in several rat strains, including the
Munich-Wislar [10, 28, 29]. Thus, it is possible that the elevated
PGC seen in the 15- to 16-day pregnant hydropenic rat may have
been due to an acute volume contraction, resulting from the
experimental conditions, giving rise to a high intrarenal angi-
otensin II concentration, since high All levels are known to
produce falls in K and increases in PGC [30, 31]. Indeed, PGC is
close to normal by days 18 to 20 of pregnancy in rats studied
under euvolemic conditions (Baylis, unpublished observations).
Figure 2 shows an idealized scheme of the changes that occur
in GFR during successive pregnancy/lactation cycles. Although
micropuncture studies in the Munich-Wistar rat were unable to
detect an increase in GFR early (day 6) in pregnancy, studies in
the conscious Long-Evans rat have indicated that GFR has
increased significantly by this stage [10, 12]. GFR is maximally
elevated (— 30%) by day 9 in the first pregnancy, remains high
at midterm and beyond day 16, but has fallen to return toward
the virgin value by days 19 to 21, close to term [9, 11—14, 27,
321. However, as shown, the rat also shows an elevated GFR in
lactation, at least until day 12 [15], by which time the second
pregnancy is well established, since the rat mates post partum.
It therefore seems likely that the establishment of repetitive
pregnancy/lactation cycles lead to a state of moderate and
almost continuously elevated GFR, which is sustained through-
out the entire period until the end of the last lactation. Clearly,
the data in the present study indicate that 4 to 6 weeks after
withdrawal of the stimulus of gestation/lactation, no long-term
renal functional damage is evident; in fact, GFR is slightly and
SNGFR is significantly higher in the repetitively bred rats.
Thus, it seems unlikely that the moderate hyperfiltration of
pregnancy produces any long-term deleterious effects on the
kidney.
It has been suggested that increased glomerular capillary
hydraulic pressure, that is, glomerular hypertension, may be
the factor that initiates the structural damage and eventual
declines in function seen in diabetes and renal ablation [331. As
discussed above, the information from previous studies in the
normotensive female Munich-Wistar rat indicates that the mod-
erate hyperfiltration of gestation/lactation is not accompanied
by a sustained arterial or glomerular hypertension, but rather
results from an increased plasma flow rate [9, 11, 12, 151. This
might account for the lack of functional or structural injury seen
in this model of hyperfiltration.
Alternatively, it is possible that since repetitively bred rats in
this study are allowed a 4- to 6-week recovery period after
withdrawal of the hyperfiltering stimulus, that is, after weaning
the last litter, this may provide a sufficient period of time for
recovery to occur from any structural and functional damage
that may have resulted during the period of gestation/lactation-
induced hyperfiltration. However, this is unlikely since in a
separate group of rats (Blantz colony) studied immediately at
the end of the fifth lactation (that is, immediately upon with-
drawal of the hyperfiltering stimulus) no proteinuria was evi-
dent nor was there any indication of renal hypertrophy. Fur-
ther, it is unlikely that structural damage would have reversed
completely in a 4- to 6-week period, and there was no evidence
of glomerular morphologic abnormalities in the Simonsen re-
petitively bred rats compared to virgins in the present study. In
fact, the glomerular morphology, by light microscopy, was
quite normal in both groups of rats, which, considering the
advanced age of these animals (42 to 48 weeks), was somewhat
surprising. Studies in male Sprague-Dawley and Wistar rats
have indicated that by 52 weeks of age, mesangial lesions, focal
glomerular sclerosis, and proteinuria are evident in at least
some of the animals studied [34—36]. Studies in the adult male
spontaneously hypertensive rat (SHR) have also demonstrated
an age-dependent increase in proteinuria and focal glomerular
sclerosis (particularly in deep nephrons) as the rats age from 30
to 52 weeks when the blood pressure is at a stable, elevated
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value [37]. Later studies by the same group of workers reported
that the female SHR is relatively protected from the morpho-
logic damage and proteinuria for the first 50 weeks of age
despite an elevated blood pressure, although blood pressure
rose still further from 50 to 90 weeks of age during the period of
development of glomerular injury [38]. These observations
suggest that the female rat is relatively protected from age-
dependent declines in glomerular function compared to the
male, although there is no information available at present as to
whether pregnancy exacerbates the progression of glomerular
disease in the female SHR. Although in women there has been
no study to evaluate directly the effects of repetitive pregnancy
on renal function, it is certainly true that women (in the United
Kingdom) do not exhibit any tendency for GFR to decline
during the reproductive years, and, in fact, women generally
show far less of an age-dependent decline in GFR than males,
even by the seventh decade of life [39].
The lack of structural injury in repetitively bred female rats in
the present study is in sharp contrast to observations by Wexier
and Greenberg who reported that repetitively bred females
(after 26 to 36 weeks) of several strains, including Sprague-
Dawley. Long-Evans, and Wistar exhibit hypertension, arterio-
sclerosis, renal arterial and glomeruloscierosis, as well as
proteinuria [40, 41]. The arteriosclerosis was shown to be
inhibitable by prior adrenalectomy with DOCA replacement
[42], It was, however, shown in the former studies that the male
breeders were susceptible also to arteriosclerotic lesions com-
pared to age-matched virgin males. The reason for the marked
degree of structural and functional injuries seen in these earlier
studies as compared to the present observations is not known
since animals were no older in the studies by Wexler,
Greenberg, and lams than in the present studies and dietary
protein intakes were similar also. In the present series of
studies, however, three separate indices of normal renal func-
tion are provided: absence of proteinuria, absence of glomeru-
lar morphologic damage, and normal glomerular and whole
kidney hemodynamics in repetitively bred compared to virgin
age-matched female rats. There is one difference in glomerular
hemodynamic function in both virgin and repetitively bred rats
in the present study compared to previous observations, spe-
cifically, the glomerular capillary ultrafiltration coefficient (Kf)
was lower than is usually observed in younger male or female
rats when studied under similar conditions, and, also, all rats in
the present study were at filtration pressure disequilibrium,
whereas younger rats, studied under euvolemic conditions, are
routinely at filtration pressure equilibrium [9, 16, 25, 26]. This
reduction in K1 in both groups of rats in the present study
probably reflects an age-dependent effect [43, 44]
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